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ABSTRACT 
Low C r  s teels  AISI 4140, AISI 4340, and h lgh  C r  aus ten l t l c  s ta ln less  
steels  AISI 304, AISI 316 were l o n  n l t r t d e d  I n  a dc glow dlscharge p l a s m  
consls t lng o f  a 75 percent H2 - 25 percent N2 mlxture. Surface compound 
layer  phases were l d e n t l f  led, and compound layer  mlcrottardness and d l f f u s l o n  
zone mlcrohardness p r o f l l e s  were establlshed. D i s t l n c t  d l f ferences I n  surface 
compound layer  hardness and d l f f u s l o n  zone p ro f i l es  were determlned between the 
low and hlgh C r  a l l o y  steels. The h igh  C r  s ta ln less steels  a f t e r  I on  n l t r l d l n g  
dlsplayed a hard compound layer  and an abrupt d l f f u s l o n  zone. The compound 
layers o f  the h lgh C r  s ta ln less steels  had a columnar s t ruc ture  whlch accounts 
f o r  b r l t t l eness  when layers are exposed t o  contact stresses. The Ion  n l t r l d e d  
surfaces o f  h lgh and low C r  s teels  dlsplayed a low c o e f f l c l e n t  o f  f r l c t l o n  w l t h  
respect t o  the untreated surfaces when examlned i n  a p l n  and d lsk t r l bo tes te r .  
INTRODUCTION 
Ion  n l t r i d l n s  I s  a glow dtscharge surface and subsurface mod l f l ca t lon  
technique t c  increase surface hardness and t o  Improve wear resfstance primarily 
f o r  ferrous a l l o y  s tee l  mechanical components. When two surfaces are  brought 
together I n  r e l a t i v e  motlon, compressive stresses and shear forces are 
developed I n  the contact ing asper l t les .  Because of the asper l t les  small 
dlmenslons they rap ld l y  undergo p l a s t l c  deformatlon, thus lncreaslng the t r u e  
area o f  contact. The compresslve stresses Involved i n  contact not  only  modlfy 
the surface layers but a lso a f fec t  the subsurface layers.  The surface and 
subsurface reslstance t o  deformatlon can be lmproved by I o n  n l t r l d l n g ,  whlch 
resu l t s  I n  the  formation of a  surface compound layer  and a  subsurface d i f f u s i o n  
zone, both exer t ing  a  hardening e f f e c t .  
To ob ta ln  the best response t o  n l t r i d i n g ,  the  n i t r i d a b l e  s teels  should 
conta in a l l o y l n g  elements t h a t  have a h igh  a f f l n l t y  f o r  n i t rogen such as A l ,  
C r ,  no, V ,  Ti .  Unalloyed carbon steels  are no t  we l l  su i ted  f o r  n i t r i d l n g  since 
they form an extremely b r i t t l e  case t h a t  spa l l s  read l l y  wh i le  I n  service. The 
hardness and hardenabi l i ty  of the s tee ls  I s  induced by n i t rogen d l f f u s l o n  i n t o  
and reac t ion  w i t h  the steel .  As the  concentrat lon o f  the  d l f f used  n l t rogen 
increases, the  s o l u b l l i t y  l l m i t s  are exceeded and varlous second phases 
p rec lp l t a te .  I n i t i a l l y  these prec lp l ta tes ,  complex n l t r i d e  phases, are very 
f i n e l y  d iv lded and dlspersed, bu t  eventual ly the  concentrat ion o f  the d i f f u s i n g  
n i t rogen bu i l ds  t o  such a  concentration tha t  a  continuous layer  o f  second phase 
I s  formed a t  the surface. The surface compound layer  i s  bel ieved t o  be formed 
when the n i t r i d l n g  po ten t i a l  o f  the gas mixture i s  such t h a t  the concentrat lon 
( a c t i v i t y )  o f  n i t rogen i n  I r o n  exceeds t h a t  ir! equ l l l b r l um w i t h  the i r o n  
n i t r i d e s  (Fe4N or  Fe2 - 3N). These compound layer  phases consis t  predominantly 
o f  Fe4N o r  Fe2 3N or t h e l r  mixtures. A11 n l t r l d a b l e  s teels  are hardened by 
- 
both the compound layer  and n i t rogen s o l u b l l l t y - d i f f u s i o n  zone (Refs. 1 t o  3 ) .  
The proper t ies o f  the surface or compound layer  and subsurface d i f f u s l o n  zone 
are h igh l y  a f fec ted  by the type and concentrat lon o f  the a l l o y l n g  element i n  
the  s tee l  dur ing the n i t r i d l n g  process. 
The obJectlve o f  t h l s  investigation was t o  n i t r i d e  the low C r  a l l o y  s tee ls  
AISI 4140, AISI 4340, and high C r  s ta in less  steels  AISI 304, AISI 316, and 
compare the e f fec ts  of Cr on the formation o f  the  compound layer  and the 
n i t rogen s o l u b i l i t y - d i f f u s i o n  zone. Thls was done by tak ing  mlcrohardness 
surface and subsurface p r o f i l e  measurements and scanning e lec t ron  and o p t i c a l  
micrographs. The f r l c t l o n  characteristics o f  these mater ia ls  were a lso  
determlned using a  p l n  and d lsk t r i b o t e s t e r .  
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EXPERIMENTAL CONDITIONS 
Ion N l t r l d l n g  
The Ion -n l t r l d lng  apparatus I s  shown photographlcally i n  f l g .  l ( a )  and 
schernatlcally I n  Fig. l (b ) .  The system consists o f  a glass cyl lnder 45 cm I n  
dlameter placed on a steel  feed-through r lng, wt th a removable alumlnum cover 
l l d .  The n l t r l d l n g  steel  speclmen 1s the cathode and the steel  base p la te  
mounted on ceramic lnsulators I s  the anode. The temperature of the speclmen 
I s  measured wl th  a chromel-alumel themcoup le  embedded I n  the speclmen I n  a 
perpendlcular poslt lon, near the surface. 
The n l t r l d l n g  gas was a preset mlxture o f  15 percent ti2 - 25 percent 
N2 whlch was d l r e c t l y  fed from a b o t t l e  t o  the chamber through a varlable 
leak contro l  valve. The discharge pressure used f o r  t h l s  treatment was 3 t o  
4 to r r ,  the applied dc voltage 450 t o  600 V, and the current density on the 
2 n l t r l d l n g  sample was 3.4 t o  4 mA/cm . 
Before Ion n l t r l d l ng ,  the steel  speclmens were argon dc-sputter etched f o r  
20 mln. Af ter  sputter-cleanlng the voltage applled t o  the specimens lonlzes 
the gas mlxture causlng I* . Ions t o  accelerate toward and bombard the 
negatlvely charged speclmen, thus generatlng heat and lntroduclng a chemlcal 
change. 
Specimens 
I n  t h l s  lnvest lgat lon low C t  a l l o y  steels such as AISI 4140, 4340, and 
hjgh C r  austenl t lc  stainless steels such as AISI 304 and 316 were Ion n l t r lded.  
The composltlonal analysts o f  the steels used I n  t h l s  lnvest lgat lon f a l l  w l th ln  
the normally reported composltlon range as show I n  Table I. The speclmns 
were disks 6.3 cm I n  dlameter by 0.25 cm th i ck  and the surfaces were f lnlshed 
on a 600 g r l t  SIC paper and finally rinsed w l th  acetone and absolute ethyl  
alcohol before lon n l t r l d l ng .  
Test i ng 
The surface topography and the cross sections of the  i o n  n l t r i d e d  case 
were invest igated by scanning e lec t ron  microscopy (SEM) and op t i ca l  microscopy. ! 
Surface hardness and (ubsurface hardness p r o f i l e s  were establ ished by Vickcrs 
microhardness tes t ing .  The f r i c t i o n a l  charac ter ls t l cs  were evaluated i n  a p i n  
and d isk  t r i b o t e s t e r  a t  constant s l i d i n g  speed o f  1.52 m/mln-l. and normal 
load o f  2.45 N under vacuum ( 2 x l 0 - ~  t o r r ) .  
POSSIBLE ION NITRIDING REACTIONS 
The elementary react ions and mechanisms f o r  dc glow discharge t i i t r i d i n g  
have been of major In te res t ,  since d iverse experiments have l ed  t o  several 
contradic tory In te rpre ta t ions  concerning the  n i t r i d l n g  mechanism (Refs. 4 t o  
7) .  The Kolbel I s  hypothesis (Ref. 6) has b e r ~  the  most widely accepted one and 
I s  schemat:cally shown i n  Ftg. 2. This hypothesis i s  a t t r i b u t e d  t o  a mechanism 
i n  which the sputtered i r o n  atoms from the speclmen combine w i t h  the ac t i ve  
n i t rogen i n  the plasma and form a molecular ly unstable compound, FeN, which i s  
then backscattered and condenses on the  specimen. I n  a gas pressure o f  1 t o r r ,  
sputtered mater ia l  w i l l  be backscattered by c o l l i s i o n s  and redeposited on the 
specimen. The condensed FeN i s  metastable on the surface a t  the i o n  n i t r i d i n g  
temperatures (350 t o  600 O C )  i t  dissociates and releases atomic nitrogen, 
e i t h e r  by d l f f u s l n g  i n t o  the l a t t i c e  and forms lower n i t r i d e s  (Fe2N. FegN. 
and Fe4N), or  i t  desorbs from the surface and combines t o  form molecular 
ni trogen. The hardness I s  imparted by combination o f  the  n l t rogen w l t h  the 
a l l o y i n g  elements present i n  the steels.  The sa l i en t  features o f  t h i s  
hypothesis are sput te r ing  and the formation o f  metastable FeN. 
RESULTS AND DISCUSSION 
Microhardness P r o f i l e s  
A l l  surface and subsurface microhardness measurements were made w i t h  a 
Vickers dlamond if identer using a 50 gm load a t  approximately 20 pm In terva ls  
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across a cross sectlonJof the specimen. Typlcal hardness p ro f l l es  f o r  the low 
C r  a l l o y  steels 4140 and 4340 and hlgh C r  stalnless steels 304 and 316 ton 
n l t r l d e d  a t  550 *C f o r  6 hr are presented i n  Flg. 3. Two d l s t l n c t  differences 
are observed between the low and hlgh Cr steels i n  terms of surface hardness 
and hardenabl l l ty.  The low C r  steels dlsplay a lower surface hardness 
2 (780 kg /m ) r e l a t l ve  t o  the hlgh C r  steels whlch have a hlgher surface 
2 hardness (900 t o  1000 kg/m ) and secondly, the low C r  steels have an 
extended d l f fus lon  zone of over 350 m, whereas the hlgh C r  stainless steels 
displayed an abrupt d l f fus lon  zone. 
Stainless steels w l th  hlgh C r  concentratlon are strong n l t r l d e  formers and 
strong bonds are formed between Cr and N. Due t o  the hlgh r e a c t l v l ~ y  between 
C r  and N, lncreaslngly r l c h  n l t r l d e  phases are precipitated, thus hlnderlng the 
nltrogen migration from fur ther d l f fus lon.  Thls suggests tha t  the l n t e r s t l t l a l  
nl trogen atoms are being prevented from d l f fus lng  fur ther  away from the hlghly 
concentrated n i t r i d e  reglons. The nltrogen lmnobl l l ty  i s  believed t o  be 
responslble f o r  the formation of  the very shallow d l f fus lon  zone. The 
s o l u b l l l t y  of nl trogen I n  austenl t lc  steels such as 304 and 316 i s  -1 a t  %. 
Above t h l s  leve l  nl trogen must occur I n  a combined state as Fe or  C r  n l t r l des .  
It should be also noted, that  the publlshed hardness value o f  CrN I s  HvllOO 
(Ref. 8). Thls value i s  complementary w l th  the surface hardness values 
obtalned i n  t h l s  lnvestlgat lon. 
The maxlmum N concentratlon on the surface f o r  l on  n l t r l ded  316 steel  
has been reported t o  be 14 a t  % as analyzed by nuclear mlcroprobe analysls 
and shown i n  Flg. 4 (Ref. 9). The N concentratlon f a l l s  approximately 
exponentlally from 14 a t  % a t  the surface t o  9 a t  %, followed by a sharp 
drop t o  the core level  of the unreacted steel.  
Basical ly, the hlgher the C r  a l l o y  content o f  the steel the narrower I s  
the n l t r l ded  d l f fus lon  zone obtalned wl th  equal time a t  the same n l t r l d l n g  
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temperature. Figure 5 schematically i l l u s t r a t e s  the i o n  n i t r i d t n g  variables 
which a f fec t  the hardness and hardenab i l i t y  o f  the  s tee l .  The sharp In te r face  
f o r  304 sta in less steels  has been a lso  reported by several lnvest lgators 
(Refs. 9  and 10) who a l so  indicated t h a t  s teels  conta ln lng more than 5 w t  % 
C r  should generate an abrupt i n te r face  and a shallow d l f f u s l o n  zone. 
U ic ros t ruc ture  
The whi te surface compound laye r  f o r  4140 s tee l  i o n  n i t r l d e d  a t  500 O C  
f o r  6 h r  was f d e n t l f l e d  by x-ray d i f f rac tomet ry  as y-Fe4N s lng le  phase w l t h  
some res idual  t-(Fe3N-Fe2N) phase present. The corresponding d l f f ractogram 
f o r  t he  untreated and Ion  n i t r l d e d  s tee l  i s  shown i n  Fig. 6. A s l i g h t  carbon 
contamlnatlon i n  the  system i s  responsib*,: f o r  the  formation o f  the t-phase. 
The y-Fe4N i s  a  monophase and I s  formed between 19 t o  21 a t  % N and has an FCC 
structure.  A t y p l c a l  mlcrostructure o f  4340 s tee l  w l t h  the whlte com~ound 
layer  a f t e r  etching w i t h  1% n i t a l  I s  shown I n  Fig. 6. It should be noted, 
t h a t  the  low C r  s teels  such as 4340 d lsp lay a  gradual t r a n s i t i o n  region 
between the case and the core. 
The aus ten l t l c  s ta in less steels  304 and 316 because o f  t h e i r  high C r  
content form very abrupt in ter faces dur lng Ion  n l t r l d l n g  and as a  r e s u l t  a 
d l s t i n c t ,  weak boundary o r  separation ex is ts  between the  core and the case. 
This sharp separatlon between the phases has a  d l s t i n c t  porous boundary as 
shown from the surface I n  Fig. 8(a) and I n  cross sect lon i n  Fig. 8(b) f o r  the 
304 sta ln less steel .  I t I s  i n t e r e s t i n g  t o  note, t h a t  the  compound layers fo r  
304 and 316 a lso  have the t y p i c a l  columnar type o f  s t ructure.  This can be 
observed a f t e r  f rac tu r l ng  the compound layer  as shown i n  Fig. 9. 
F r i c t i o n  Results 
F r i c t i o n  experiments were conducted on the low and h igh Cr n l t r i d e d  d lsk 
surfaces wl'.h an Ion  n l t r i d e d  440C r i d e r .  The hardness o f  the untreated 440C 
r i d e r  was HRC 52. The tblckness o f  the compound layer  on the s tee l  surfaces 
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used f o r  f r l c t l o n  tes ts  was below 2 m. The f r l c t l o n  resu l ts  are tabulated 
I n  Fig. 10. The ion  n l t r l ded  surfaces gave the lowest coef f lc lents  o f  f r l c t l o n  
r e l a t i ve  t o  the untreated surface. I n  add l t lon  a  small d i f ference I n  the 
coe f f l c len t  of f r l c t l o n  was observed between the low and hlgh C r  s teel  surfaces 
0.13 t o  0.12, respectlvely. The average steady s ta te  wear ra te  a f t e r  4000 
cycles was I ~ X I O - ' ~  m3/n f o r  the y-Fe4N phase. 
The compound layer durlng dry s l l d l ng  provldes excel lent adheslve or  
scuf f ing reslstance as compared t o  the d i f f us i on  zone whlch has only a  l lml ted 
adheslve reslstance. Therefore, the predomlnant wear mechanism f o r  i on  
n l t r l ded  surfaces I s  abrasive. 
SUHUARI ZING REUARKS 
The fo l lowing concluslons are drawn between the ion  n l t r l ded  low and hlgh 
C r  steels : 
1. The hlgh C r  austcn l t lc  steels (304, 316) dlsplay a  hlgher surface 
hardness o f  the compound layer and an abrupt d l f f us l on  zone. 
2. The low C r  steels (4140, 4340) display a  lower surface hardness and an 
extended d l f fus lon  zone. 
3. The compound layer f o r  the hlgh C r  steels has a  columnar st ructure 
whlch l s  very f rag i le .  
4. The Ion n l t r l ded  steels displayed a  s lgn l f l can t  reduction I n  the 
coe f f l c len t  of friction. The hlgh C r  steels produced the lowest coef f lc lents  
of f r l c t l o n .  
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TABLE I. - CHEMICAL COMPOSITION OF STEELS 
C 
Mr 
P 
S 1 
~i 
AISI 4140 
0.38 
.75 
.40 
.40 
---- - - -- 
Cr 0.8-1.10 
MO 1 0.15- .25 
AISI 4340 
0.38 
.70 
--------- 
--------- 
1.65-2.00 
3.70-0.90 
0.20-0.30 
AISI 304 
0.08 
2.00 
0.045 
1 
9 
AISI 316 
0.06 
1.8 
0.02 
.5 
11.8 
19 
----- 
17.7 
2.7 
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